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CALIBRATION APPARATUS, CHART FOR
CALIBRATION, CHART PATTERN
GENERATION APPARATUS, AND
CALIBRATION METHOD

TECHNICAL FIELD

The present invention relates to an apparatus for calibrat-
Ing an 1imaging apparatus, a chart used for calibration, and a
calibration method.

BACKGROUND ART

There 1s a known game 1n which an 1image of a user’s body
and an 1mage of a marker are captured by a camera and each
region of the captured images 1s replaced by a diflerent
image to display the different image on a display (refer, for
example, to PTL 1). A technology of acquiring a position
and a motion of an object and a camera or recognizing
attributes of the object by detecting and analyzing the image
in the captured 1mage 1s widely introduced into not only a
camera mounted on a gaming apparatus or an information
terminal, but also a system including, for example, a security
camera, a vehicle-mounted camera, and a robot-mounted
camera.

In order to ensure processing accuracy in such a system,
a calibration 1s performed to acquire, 1n advance, apparatus-
specific information such as an internal parameter, a distor-
tion correction coeflicient, and an external parameter of an
imaging apparatus. The mternal parameter defines a relation
between position coordinates of pixels 1n a captured 1mage
and position coordinates in a camera coordinate system
having an origin at an optical center and based on the umt
of length, and represents lens characteristics determined by
a focal length, a relative origin position, a shear factor, and
a scale factor.

The distortion correction coeflicient 1s a coeflicient for
correcting lens-induced barrel distortion or circumierential
distortion. The external parameter 1s used, for example, to
define a relation between a camera coordinate system and a
world coordinate system and perform simultaneous calibra-
tion of a multi-eye camera such as a stereo camera, in
particular, for the purpose, for example, of adjusting 1ncli-
nations of individually-captured images. A method by Zhang,
1s widely known as a calibration technology (refer to NPL
1). The method by Zhang captures an 1image of a plane chart
ol a checkered pattern from multiple viewpoints, and opti-
mizes parameters so as to establish a correct association
between positions of feature points in the captured image
and positions of feature points on the plane surface of the
chart in a real space.

CITATION LIST
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[PTL 1] FEuropean Patent Application Publication No.
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SUMMARY

Technical Problems

When the method by Zhang 1s used, 1t 1s necessary to set
an 1maging apparatus and a chart at different positions and
postures, and repeatedly capture an 1mage. This imposes a
heavy workload. Imaging workload may be reduced under
certain restraint conditions. However, 1t 1s conceivable that
versatility may be lost by such restraint conditions. Mean-
while, a simple calibration method 1s not likely to achieve
accuracy comparable to that of the method by Zhang.

The present invention has been made in view of the above
circumstances, and has an object to provide a technology
capable of calibrating an 1imaging apparatus through reduced
man-hours with high accuracy.

Solution to Problems

In order to solve the above problem, one aspect of the
present 1nvention relates to a calibration apparatus. The
calibration apparatus includes an 1mage acquisition section
acquiring data regarding a captured image of a chart having
a plurality of plane surfaces forming a predetermined angle,
a feature point information acquisition section detecting,
from the captured 1mage, an 1mage ol a feature point of a
chart pattern depicted on a surface of the chart, and gener-
ating feature point information indicative of association
between position coordinates of the image of the feature
point and position coordinates of the feature point on the
surface of the chart, and a calibration section performing
computation for calibration on a basis of the feature point
information, and acquiring a predetermined camera param-
cter to be output, 1n which the feature point information
acquisition section identifies, within the captured 1mage, an
image ol each of the plane surfaces on a basis of an 1image
of a marker included 1n the chart pattern, and performing a
process of generating the feature point information for each
of the plane surfaces.

Another aspect of the present invention relates to a chart
for calibration. The chart for calibration 1s for calibrating an
imaging apparatus. The chart for calibration includes a
plurality of plane surfaces forming a predetermined angle,
and a chart image that 1s depicted on each of the plane
surfaces and obtained by transforming a predetermined
pattern 1n accordance with a change in distance between an
imaging plane and each of the plane surfaces i1n such a
manner as to acquire the predetermined pattern within a
captured 1mage.

Yet another aspect of the present invention relates to a
chart pattern generation apparatus. The chart pattern gen-
eration apparatus generates a chart pattern that 1s to be
depicted on a chart for calibration of an 1maging apparatus.
The chart pattern generation apparatus includes an inverse
transformation parameter generation section acquiring set-
ting information regarding positions and postures of a plu-
rality of plane surfaces forming the chart and an 1imaging
plane of the imaging apparatus, and generating a transior-
mation parameter for achieving transformation based on a
change 1n distance between the imaging plane and each of
the plane surfaces 1n such a manner as to obtain a prede-
termined pattern within a captured 1mage, and a pattern
transformation section transforming the predetermined pat-
tern by using the transiformation parameter and generating
data regarding the chart pattern to be output.

Still another aspect of the present invention relates to a
calibration method. The calibration method includes a step
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of acquiring, from an 1maging apparatus, data regarding a
captured image of a chart having a plurality of plane surfaces
forming a predetermined angle, a step of detecting, from the
captured 1mage, an 1mage of a feature point of a chart pattern
depicted on a surface of the chart and generating feature
point mnformation indicative of association between position
coordinates of the 1mage of the feature point and position
coordinates of the feature point on the surface of the chart,
and a step of performing computation for calibration on a
basis of the feature point information and acquiring a
predetermined camera parameter to be output, in which the
step of generating the feature point information identifies,
within the captured image, an 1image of each of the plane
surfaces on a basis of an 1image of a marker included 1n the
chart pattern and performing a process of generating the
teature point information for each of the plane surfaces.

Any combinations of the aforementioned elements and
any conversions ol expressions of the present invention
between, for example, methods, apparatuses, systems,
recording media, and computer programs are also effective
as aspects of the present invention.

"y

ect of Invention

Advantageous E

The present invention makes 1t possible to calibrate an
imaging apparatus through reduced man-hours with high
accuracy.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a diagram illustrating a configuration of a
calibration system according to an embodiment of the pres-
ent 1nvention.

FIG. 2 1s a diagram illustrating 1n detail a chart for
calibration according to the embodiment of the present
invention.

FIG. 3 1s a diagram illustrating a preferred positional
relation between an 1maging apparatus and a chart 1n the
embodiment of the present invention.

FIG. 4 1s a diagram 1llustrating another example of the
chart in the embodiment of the present invention.

FIG. 5 1s a diagram illustrating internal circuit configu-
rations of a chart pattern generation apparatus and a cali-
bration apparatus according to the embodiment of the pres-
ent 1nvention.

FIG. 6 1s a diagram 1illustrating configurations of func-
tional blocks of the chart pattern generation apparatus and
the calibration apparatus according to the embodiment of the
present mvention.

FIG. 7 1s a diagram illustrating processing steps per-
formed by the chart pattern generation apparatus according
to the embodiment of the present mnvention.

FIG. 8 1s a diagram 1llustrating a method of transforma-
tion parameter generation by an inverse transformation
parameter generation section in the embodiment of the
present invention.

FIG. 9 1s a diagram 1illustrating a method of transforma-
tion parameter generation by the inverse transformation
parameter generation section in the embodiment of the
present mvention.

FIG. 10 1s a diagram illustrating an index given to a
teature point within a chart pattern 1n the embodiment of the
present mvention.

FI1G. 11 1s a flowchart 1llustrating processing steps that are
tollowed when the calibration apparatus according to the
embodiment of the present invention performs calibration on
the basis of a captured 1mage of the chart.
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FIG. 12 1s a flowchart 1llustrating processing steps that are
followed when a feature point information acquisition sec-
tion generates feature point information in step S14 of FIG.
11.

FIG. 13 1s a diagram 1llustrating a marker and squares 1n
a captured image of the chart in the embodiment of the
present 1nvention.

FIG. 14 1s a diagram illustrating a reference coordinate
system for detecting, 1n step S34 of FIG. 12, the vertexes of
a square 1n consideration of 1image distortion in the vicinity.

FIG. 15 1s a diagram illustrating a process that 1s per-
formed 1n step S40 of FIG. 12 1n order to determine position
coordinates of vertexes of squares around a square defined
as a reference point 1n a checkered pattern.

FIG. 16 1s a diagram illustrating an exemplary data
structure of feature point information stored 1 a feature
point information storage section in the embodiment of the
present 1nvention.

FIG. 17 1s a diagram 1llustrating chart patterns generated
by the chart pattern generation apparatus according to the
embodiment of the present invention.

FIG. 18 1s a diagram depicting a captured image of the
chart that 1s captured by a wide-angle camera 1n the embodi-
ment of the present invention.

FIG. 19 1s a diagram 1illustrating the result of detection of

a feature pomnt and a marker from the captured image
depicted 1n FIG. 18.

FIG. 20 1s a diagram depicting an 1mage that 1s corrected
on the basis of a camera parameter derived from calibration
performed by using feature point association mformation.

DESCRIPTION OF EMBODIMENT

FIG. 1 1llustrates a configuration of a calibration system
according to an embodiment of the present invention. The
calibration system includes an imaging apparatus 12, a chart
200 for calibration, a j1g 14, and a calibration apparatus 10.
The 1maging apparatus 12 performs calibration. The j1g 14
fixes the mmaging apparatus 12 and the chart 200 in a
predetermined positional relation. The calibration apparatus
10 performs calibration to acquire a camera parameter.

The imaging apparatus 12 includes a camera and a
mechanism. The camera captures an 1image of an object. The
mechanism generates output data regarding the captured
image by performing a demosaicing process or other coms-
mon process on an output signal from the camera, and
transmits the generated output data to the calibration appa-
ratus 10. The camera includes an inifrared sensor or a
visible-light sensor used with a common digital camera or
digital video camera such as a charge-coupled device (CCD)
sensor or a complementary metal oxide semiconductor
(CMOS) sensor. In a case where the camera includes an
infrared sensor, an infrared radiation mechanism (not
depicted) may be added.

The imaging apparatus 12 may include only one camera
or include a stereo camera that 1s configured by spacing two
cameras (left and right cameras) apart at a known interval.
As another alternative, the imaging apparatus 12 may
include three or more cameras. The camera configuration for
the 1imaging apparatus 12 i1s determined in accordance with
details of information processing performed by using the
imaging apparatus 12. For example, 1n a case where an
clectronic game 1s to be implemented acquiring positions of
objects, such as a user and a controller, 1n a three-dimen-
s1onal space, 1t 1s concervable that the imaging apparatus 12
1s 1implemented by using a stereo camera.
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Further, 1n a case where the time-of-thght (TOF) technol-
ogy 1s to be adopted to apply infrared rays toward an object
and determine a position of the object in accordance with a
time required for detecting light reflected from the object, it
1s concervable that the imaging apparatus 12 1s implemented
by an infrared radiation mechanism and an infrared camera.
It 1s also conceivable that the same configuration 1s adopted
to apply infrared rays toward an object 1n a random pattern,
capture an 1mage of light reflected from the object with a
stereo camera, determine a parallax by regarding an infrared
pattern as a feature point, and determine the position of the
object 1n a three-dimensional space. As still another alter-
native, a single-eye camera, a multi-eye camera, a visible-
light camera, and an inifrared camera may be used in any
combination depending on the purpose of use and the
technology to be adopted.

The calibration apparatus 10 acquires data regarding an
image of the chart 200 for calibration that 1s captured by the
imaging apparatus 12, and performs calibration computation
based on the acquired data in order to derive an internal
parameter and an external parameter. These parameters are
commonly known. When these parameters are used, the
relation between a pixel m(u, v) 1n the captured image and
a position M(X, Y, 7Z) mn a world coordinate system 1s
expressed as indicated below.

sm=A[RI)M
mi=uv1]"

M=[X,¥Z1]" [Math. 1]

In an equation above, s 1s a scale factor, and A is the
internal parameter. [RIt] 1s the external parameter including
a rotation matrix R and a translation vector t that are used for
transforming the world coordinate system into a camera
coordinate system. The internal parameter A 1s expressed as
indicated below.

0 ] [Math. 2]
ﬂﬂ; Yo
0

s
0
0 L

In an equation above, 1 1s a focal length, k, and k  are
horizontal and vertical scale factors of an 1image plane, and
(u,, v,) are position coordinates of an optical axis of the
image plane. The above equation assumes that skew distor-
tion 1s zero.

Further, when lens-induced barrel distortion or circum-
ferential distortion 1s taken into consideration, a point at
position coordinates (X, y) relative to the optical axis in the
captured 1mage 1s corrected, for example, to a point at
position coordinates (X', y') by approximate equations below.

x'=(1+k 7 +k, 7 x+2p (xp+p 5 (P +2x7)

=14k, 7P+ 7N y+p | (FP+292)+2pxy

where #°=x"+)”

Further, k1 and k2 are parameters related to barrel distortion,
and pl and p2 are parameters related to circumierential
distortion. These parameters are collectively referred to as a
distortion correction coetlicient.

The calibration apparatus 10 determines the internal
parameter, the distortion correction coetlicient, and the
external parameter 1n such a manner that an 1mage of a
teature point within the captured image appears at a position
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reflective of an original position in the three-dimensional
space. These parameters may be hereinafter collectively
referred to as a “camera parameter.” A basic algorithm for
camera parameter derivation processing may be based on an
existing technology. Particularly, the method by Zhang
described in NPL 1 may be used. More specifically, an image
ol a feature point depicted on the chart 200 1s extracted from
the captured 1image to determine 1ts position coordinates. An
initial value of the internal parameter 1s then determined
based on the determined position coordinates and the three-
dimensional position of the feature point, and a nonlinear
optimization process called bundle adjustment 1s performed
to finally determine the internal parameter and the external
parameter.

Meanwhile, the chart 200 for calibration according to the
present embodiment has a three-dimensional structure that
includes a plurality of plane surfaces not parallel to an
imaging plane. In the illustrated example, the chart 200 1s 1n
an upright state such that one side of one of two boards
having the same area 1s attached to one side of the other
board at an angle of 0 (0<0<180°) around an axis formed by
these attached sides. The jig 14 fixes the two boards such
that the optical axis of the imaging apparatus 12 intersects
the axis of the chart 200 and 1s positioned and postured at a
predetermined distance from the chart 200.

A chart pattern 1s depicted on each plane surface of the
chart 200 that 1s positioned toward the 1imaging apparatus 12.
The chart pattern includes a checkered pattern formed of
alternating black and white rectangles arranged in a gnd
pattern and a marker for plane surface 1dentification. In this
case, the feature point 1s a vertex of each rectangle. When
feature points are disposed with variations applied in the
depth direction in the above-described manner, a single
capture ol an 1image makes it possible to acquire information
that 1s equivalent to information obtained by capturing an
image of one plane chart with the point of view varied. The
pattern to be depicted on the chart 200 1s not limited to a
checkered pattern. Any pattern may be depicted on the chart
200 as far as distributed feature points are shaped and
arranged 1n such a manner as to permit easy detection by an
existing search method. For example, adopting a feature
point array forming an orthogonal system, such as a circle
orid formed by arranging black circles vertically and hori-
zontally, makes 1t easy to detect feature points and acquire
their attributes.

FIG. 2 1s a diagram 1illustrating 1n more detail the chart
200 for calibration. Illustrated in (a) of FIG. 2 are chart
patterns including a checker and a marker that are depicted
on each plane surface forming the chart 200. A chart pattern
2124 1s depicted on the plane surface disposed on the left as
viewed from the imaging apparatus 12. A chart pattern 2125
1s depicted on the plane surface disposed on the right.
[lustrated 1n (b) of FIG. 2 1s the chart 200 that 1s viewed
from the imaging apparatus 12 when the two boards dis-
posed at an angle of 0 face the imaging apparatus 12 as
indicated 1n a bird” s-eye view depicted to the left of (b) of
FIG. 2.

In the present embodiment, the chart patterns are config-
ured so as to apparently look like common checkered
patterns while the plane surfaces of the chart are inclined
from the 1maging plane. Also in the case of the other chart
patterns, standard chart patterns determined in consider-
ation, for example, of a search process 1s configured so as to
appear 1n a captured image 1 a state 1n which the plane
surfaces of the chart 200 are inclined. Therefore, as 1illus-

trated 1 (a) of FIG. 2, the chart patterns 212a and 2125
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depicted on the plane surfaces are in reverse perspective 1n
consideration of inclination with respect to original check-
ered patterns.

Qualitatively, patterns on the surfaces of the chart 200 that
are positioned far from the imaging plane are on a relatively
large scale. Consequently, a captured 1mage of graphical
figures posttioned at different distances 1n a real space
indicates that graphical figures having the same horizontal
and vertical dimensions are lined up evenly. As a result,
information required for calibration can be obtained by
performing a single imaging operation. In addition, 1t 1s
possible to prevent a feature point detection process from
becoming complicated. The present embodiment makes it
possible to obtain a large amount of information by per-
forming a single 1maging operation. However, the present
embodiment does not limit the number of 1maging opera-
tions to one. A plurality of imaging operations may be
performed as needed.

FIG. 3 1s a diagram illustrating a preferred positional
relation between the imaging apparatus 12 and the chart 200.
When, for example, an 1mage 1s captured with a fisheye lens
by the equidistant projection method, a virtual screen 220
may be regarded as a spherical surface that has its origin at
an optical center O of the imaging apparatus 12 and a radius
equal to a focal length 1. In this instance, there 1s the
following relation between an angle ¢ and an 1image height.
The angle ¢ 1s an angle formed between an optical axis L and
a projection line from the real space to the lens. The 1image
height 1s a distance from a projection point to a point of
intersection between the virtual screen and the optical axis.

y=/o

As y=iI-tan ¢ represents the central projection method
using a common lens, i1t 1s obvious that, 1n a fisheye lens
system, the degree of 1mage contraction increases with an
increase in the angle ¢. Therefore, the chart 200 1s disposed
in contact with the virtual screen 220 as illustrated 1n FIG.
3 so as to 1image the chart patterns by covering the field-of-
view range 1n which the influence of distortion 1s significant.
Further, the degree of 1image contraction tends to increase
from the center of the field of view toward the outside.
Therefore, umiform analysis accuracy can be achieved in
plane when the outer plane surfaces of the chart 200 are
positioned closer to the imaging plane. Using an image
captured in the above manner to derive the camera param-
cter makes 1t possible to accurately extract an image and
measure 1ts position while reducing an influence of lens
distortion during an operation.

In the estimation of the focal length 1, 1t 1s 1important to
determine an extent by which a perspective projected image
ol an object 1s expanded or contracted 1n a depth direction.
For example, a technology for determining the focal length
f from the position of a vanishing point of a grid pattern
disposes grid pattern plane surfaces at an appropriate angle
from the imaging plane such that the vanishing point appears
at a position close to an 1mage center (refer, for example, to
Kenichi Kanetani, “Mathematical Principles of Camera
Calibration—How the Best Grid Pattern Is Derived,” Math-
ematical Science No. 364, October 1993, pp. 56).

By using the same principles as above, the plane surfaces
forming the chart 200 may be disposed in nonparallel to the
imaging plane of the imaging apparatus 12, thereby making
it possible to greatly vary the appearance of an 1image based
on 1ts position 1n the depth direction. As a result, a large
amount of information can be obtained from a single cap-
tured 1mage. The illustrated chart 200 1s shaped such that the
two plane surfaces (boards) are in contact with each other at
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a vertical line passing through the optical axis L and
line-symmetric with respect to the optical axis L at an angle
of 0/2. However, the shape of the chart 200 and its position
and posture relative to the imaging apparatus 12 are not
limited to the above description.

FIG. 4 illustrates another example of the chart according
to the present embodiment. As illustrated 1n the right portion

of FIG. 4, the chart 230 depicted 1n the example of FIG. 4
includes three plane surfaces 232a, 2325, and 232¢. More
specifically, the chart 230 1s structured such that the third
plane surface 232¢ 1s disposed in contact with a base
positioned 1n contact with the plane surfaces 232a and 2325
associated with the two plane surfaces erected to form an
angle of 0 as 1llustrated 1n FIG. 2. Chart patterns 234a, 2345,
and 234c¢ are respectively depicted on the plane surfaces
232a, 232b, and 232c¢ as illustrated 1n an exploded view 1n
the left portion of FIG. 4.

In the above case, when the i1maging apparatus 12 1s
disposed so as to overlook the plane surface 232¢ placed on
the base, that 1s, orient the line of sight downward from the
horizontal, the chart pattern depicted on the plane surface
232¢ 1s also 1maged. Also 1n this instance, as mentioned
carlier, the original checkered patterns are depicted 1n
reverse perspective such that normal checkered patterns
appear 1n a captured 1image. Consequently, as 1llustrated 1n
FIG. 4, the farthest point 236 from the imaging plane 1s on
a large scale, and the chart patterns contract increasingly
with an increase 1n the distance from the farthest point 236.

Increasing the number of plane surfaces increases the
amount ol information available for camera parameter
acquisition and thus achieves calibration with higher accu-
racy. However, an increased load 1s imposed on the feature
point detection process. Therefore, the number of plane
surfaces forming the chart 1s properly determined based, for
example, on the accuracy of processing during an operation
and the performance of a processing apparatus. Further, the
angles formed by the plane surfaces are determined, for
example, by experiment so that, as mentioned earlier, the
vanishing points of parallel straight lines on the chart are
close to the 1mage center when an 1mage 1s captured. In any
case, the chart patterns according to the present embodiment
are determined depending on the number of plane surfaces
forming the chart 200 or 230 and on the positional and
postural relation between the chart 200 or 230 and the
imaging apparatus 12.

In other words, when 1t 1s determined that one chart
pattern 1s to be used, only one positional and postural
relation should be established between the chart 200 or 230
and the imaging apparatus 12. Therefore, the j1g 14 1s used
to establish such relation. The chart patterns may be directly
printed onto boards forming the chart 200 or 230, separately
printed and attached to the boards, or projected onto the
boards, for example, with a projector.

Configurations of a chart pattern generation apparatus and
the calibration apparatus 10 will now be described. The chart
pattern generation apparatus generates the chart patterns.
The calibration apparatus 10 performs calibration by using
the chart on which the generated chart patterns are depicted.
These apparatuses may be independent apparatuses or inte-
grated mto a single apparatus having the functions of both
apparatuses.

FIG. § illustrates internal circuit configurations of the
chart pattern generation apparatus and calibration apparatus
10. The chart pattern generation apparatus and the calibra-
tion apparatus 10 include a central processing unit (CPU)
122, a graphics processing unit (GPU) 124, and a main
memory 126. The CPU 122 controls the transmission of
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signals and the processing performed by elements in the
chart pattern generation apparatus and calibration apparatus
10 1n accordance with a program, for example, of an
operating system or an application. The GPU 124 performs
image processing. The main memory 126 includes a ran-
dom-access memory (RAM) and stores programs and data
required for processing.

The above-mentioned sections are interconnected through
a bus 130. The bus 130 1s further connected to an mput/
output interface 128. The input/output interface 128 1is
connected to a communication section 132 including a
peripheral equipment interface such as a universal serial bus
(USB) or Institute of Electrical and Flectronics Engineers
(IEEE) 1394 interface, or a network interface such as a
wired or wireless local area network (LAN), a storage
section 134 such as a hard disk drive or a nonvolatile
memory, an output section 136 outputting data to the imag-
ing apparatus 12 or to an output device (not depicted) such
as a display device or a printer, an input section 138
inputting data from the imaging apparatus 12 or from an
input device (not depicted), and a recording medium drive
section 140 driving a magnetic disk or a removable record-
ing medium such as an optical disk or a semiconductor
memory.

The CPU 122 provides overall control of the chart pattern
generation apparatus and the calibration apparatus 10 by
executing the operating system stored 1n the storage section
134. Further, the CPU 122 executes various programs that
are read from the removable recording medium and loaded
into the main memory 126 or downloaded through the
communication section 132. The GPU 124 functions as a
geometry engine and as a rendering processor, and draws an
image in accordance with a drawing command from the
CPU 122.

FIG. 6 illustrates configurations of functional blocks of a
chart pattern generation apparatus 20 and the calibration
apparatus 10. The functional blocks depicted 1n FIG. 6 are
implemented as hardware, for example, by the CPU 122, the
GPU 124, and the main memory 126 depicted 1n FIG. 5, and
implemented as software, for example, by a computer pro-
gram loaded into the main memory from a hard disk or a
recording medium. Therefore, it 1s understood by those
skilled 1n the art that the functional blocks may be imple-
mented by hardware alone, by software alone, or by a
combination of hardware and software and are not to be
limited to any of them.

The chart pattern generation apparatus 20 includes an
inverse transformation parameter generation section 22, a
pattern transformation section 24, a pattern image storage
section 26, a projective transformation parameter generation
section 28, and a projective transformation parameter stor-
age section 30. The inverse transformation parameter gen-
eration section 22 generates a transformation parameter for
depicting original chart patterns like normal checkered pat-
terns 1n reverse perspective. The pattern transformation
section 24 generates chart patterns by using the generated
transformation parameter. The pattern image storage section
26 stores data regarding the original chart patterns and the
transformed chart patterns. The projective transformation
parameter generation section 28 generates a transformation
parameter for acquiring position coordinates on each plane
surface of the chart from an mdex given to a feature point
within a pattern. The projective transformation parameter
storage section 30 stores the generated transformation
parameter.

The mverse transformation parameter generation section
22 acquires information regarding the positional and pos-
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tural relation between the imaging apparatus 12 and the
chart 200, and generates a transformation parameter per-
forming transformation based on the distance from the
imaging plane to each of the plane surfaces of the chart 200.
The positional and postural relation may be preset or input-
ted as needed by the user. As mentioned earlier, the trans-
formation parameter achieves transformation in such a man-
ner as to cancel apparent size changes depending on the
distance. More specifically, the inverse transformation
parameter generation section 22 determines a homography
matrix transforming, into four vertexes of a proper rectangle,
four vertexes of a rectangle obtained by contracting a
rectangle 1n an original chart pattern in reverse proportion to
the distance. Details will be described later.

The pattern transformation section 24 performs, for each
plane surface forming the chart 200, a process of transform-
ing the chart patterns by using the transformation parameter
generated by the inverse transformation parameter genera-
tion section 22. Therefore, the pattern 1mage storage section
26 stores, 1n advance, image data regarding the original chart
pattern 1n association with each plane surface. This ensures
that the chart patterns depicted in (a) of FIG. 2 are generated.
The pattern transformation section 24 stores generated data
in the pattern 1image storage section 26. The stored data 1s
outputted, for example, to a printer or a projector in accor-
dance with a user operation, printed or subjected to 1image
projection as needed, and used to implement the chart 200.

The projective transformation parameter generation sec-
tion 28 generates, for each plane surface forming the chart,
a transformation parameter transiforming the indexes given
to all feature points of the original chart pattern into position
coordinates of the feature points of the chart patterns on the
chart 200. From the viewpoint that the position coordinates
of the feature points of the chart patterns on the chart 200 are
position coordinates originally given to the chart, which 1s a
real object, the position coordinates of the feature points of
the chart patterns on the chart 200 may be regarded as the
“three-dimensional (3D) model position coordinates™ of the
chart. However, the information required for calibration is
available as far as the position coordinates on each plane
surface of the chart 200 are known. Practically, therefore,
two-dimensional position coordinates will suflice.

The transformation parameter generated by the projective
transformation parameter generation section 28 1s also a
homography for transforming the position coordinates of an
index 1n a coordinate system into the position coordinates of
an associated feature point within a transformed chart pat-
tern. When such an association i1s defined, the position
coordinates of an actually captured image of a feature point
can be associated with the 3D model position coordinates
through an index at the time of calibration. The projective
transformation parameter generation section 28 stores the
generated parameter in the projective transformation param-
cter storage section 30. Alternatively, the projective trans-
formation parameter generation section 28 may directly
transmit the generated parameter to the calibration apparatus
10.

The calibration apparatus 10 includes an 1mage acquisi-
tion section 34, a feature point information acquisition
section 36, a projective transiformation parameter storage
section 40, a feature point information storage section 42, a
calibration section 38, and a camera parameter storage
section 44. The image acquisition section 34 acquires data
regarding a captured image. The feature point information
acquisition section 36 associates the position coordinates of
a feature point within a captured image with the position
coordinates of an associated feature point of a 3D model.
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The projective transformation parameter storage section 40
stores a transformation parameter that 1s used to define such
an association. The feature point information storage section
42 stores association information regarding a feature point.
The calibration section 38 performs calibration by using the
association information. The camera parameter storage sec-
tion 44 stores a camera parameter that 1s obtained as a result
of calibration.

The 1mage acquisition section 34 acquires data regarding
a captured 1image of the chart 200 from the imaging appa-
ratus 12. In a case where the imaging apparatus 12 includes
a multi-eye camera, the i1mage acquisition section 34
acquires data regarding all images captured by individual
imaging e¢lements included in the multi-eye camera. The
projective transformation parameter storage section 40
stores a transformation parameter that 1s stored in the
projective transformation parameter storage section 30 of
the chart pattern generation apparatus 20. A storage process
may be manually performed by the user or performed by an
automatic transmission from the chart pattern generation
apparatus 20. An alternative 1s to supply a recording medium
storing a transformation parameter together with the chart
200, and read and store data at the time of calibration.

The {feature point information acquisition section 36
detects feature point and marker images from a captured
image, and associates the position coordinates of the
detected feature point image with the position coordinates of
a feature point of a 3D model for each plane surface
identified by the marker. In this instance, the feature point
information acquisition section 36 determines the index of
cach feature point, and determines the 3D model position
coordinates from the index by using the transformation
parameter stored 1n the projective transformation parameter
storage section 40. As a result, for each feature point, the
position coordinates of the captured image are associated
with the 3D model position coordinates.

Acquired association information 1s stored in the feature
point information storage section 42. The calibration section
38 uses the association information regarding a feature point
as mput data and determines a camera parameter 1n accor-
dance with an existing algorithm. The determined parameter
1s stored 1n the camera parameter storage section 44. Alter-
natively, the identified parameter may be transmitted to the
imaging apparatus 12. When the camera parameter 1is
retained 1n the 1maging apparatus 12, a proper correction can
be made 1n the imaging apparatus 12. As another alternative,
the 1dentified camera parameter may be transmitted to an
information processing apparatus that processes information
regarding, for example, a game by using an 1image captured
by the mmaging apparatus 12. This makes 1t possible to
perform an analysis after making a proper correction, for
example, by aligning an epipolar line with respect to a
captured stereo 1mage.

FIG. 7 1s a diagram illustrating processing steps per-
formed by the chart pattern generation apparatus 20. The
pattern 1image storage section 26 of the chart pattern gen-
cration apparatus 20 stores, 1n advance, data regarding an
untransformed chart pattern 50 that 1s associated with an
individual plane surface forming the chart 200. In the
example of FIG. 7, the untransformed chart pattern includes
a checkered pattern and a marker 52. The marker 32 1s a
graphical figure for 1dentifying a plurality of plane surfaces
forming the chart 200 within an image. Therefore, it 1s
assumed that this graphical figure varies from one plane
surface to another.

Upon acquiring position/posture information 34 regarding
the positional and postural relation between the imaging
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apparatus 12 and the chart 200 1n accordance with user input
data or preset data, the inverse transformation parameter
generation section 22 generates a transiformation parameter
53 that cancels apparent size changes due to the difference
in distance (step S10). The pattern transformation section 24
transforms an original chart pattern 50 by using the gener-
ated transformation parameter 55 to generate a chart pattern
56 based on the inclination of the chart (step S12). Although
FIG. 7 depicts one chart pattern 356, the chart pattern is
generated for each surface of the chart 200.

Further, the projective transformation parameter genera-
tion section 28 generates a homography matrix 58 {for
transforming a two-dimensional imndex of a feature point
within the chart pattern into the 3D model position coordi-
nates in the chart 200 (step S14). In the case of the depicted
checkered pattern, feature points are vertexes of black and
white squares. Within the untransformed chart pattern 50,
the feature points are uniformly distributed in the horizontal
and vertical directions. Therefore, such an array is regarded
as an index coordinate system, and a two-dimensional index
(1, 1) 1s g1ven to each feature point. In this mstance, 1 and j
are both integer values.

The homography matrix 1s then generated based on the
relation between the 1index of a representative feature point
and the position coordinates of an associated feature point
within the 3D model of the chart 200 depicting the chart
pattern 56. Using the generated homography matrix makes
it easy to determine the position coordinates of all feature
points within the 3D model from the index.

FIGS. 8 and 9 are diagrams each illustrating a method of
transformation parameter generation by the inverse trans-
formation parameter generation section 22. FIG. 8 i1s a
schematic top view of the imaging apparatus 12 and one
plane surface of the chart 200. Within the chart 200, a
distance z_ from the 1maging plane of the imaging apparatus
12 to the nearest spot a and a distance z, to the farthest spot
b are acquired based on the position/posture information 354
as 1llustrated 1n FIG. 8.

As mentioned earlier, the iverse transformation param-
eter generation section 22 acquires a transformation params-
cter that acquires an 1mage of an untransformed chart pattern
when a transformed chart pattern 1s displayed on an inclined
chart and 1s 1maged. For example, an apparent scale of the
spot b 1s z_/z, times that of the spot a. Therefore, when the
reciprocal multiple of the apparent scale of the spot b 1s
applied in advance, the patterns at the spots a and b are
apparently the same size. The illustrated example 1s simpli-
fied for the sake of explanation. In a strict sense, a more
optimal parameter can be acquired by performing perspec-
tive projection 1n consideration, for example, of the posi-
tional and postural relation between a plurality of 1maging
clements and the angle of view and lens distortion of each
imaging element and making adjustments while calculating
the shape of a pattern possibly depicted within a captured
image.

FIG. 9 illustrates the wvirtual geometric shapes of an
untransformed chart pattern and a transformed chart pattern.
In a depicted chart pattern plane surface 60, a in FIG. 8
corresponds to the left side, and b 1n FIG. 8 corresponds to
the right side. The height of the chart pattern is h, its width
1s w, and the upper leit corner 1s the onigin of the pattern
plane surface. Projective transformation of an image to an
image on a diflerent plane surface 1s generally called homog-
raphy. The homography matrix, which i1s a transiformation
parameter, can be determined by the association information
regarding four points prevailing before and after transior-
mation.
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In the example of FIG. 9, attention i1s focused on the
coordinates of four vertexes of chart patterns. Within the
chart 200, as mentioned earlier, the chart patterns need to be
expanded at a magnification that increases with an increase
in the distance from the imaging plane, and expanded at a
magnification of z,/z_ at the farthest point from the imaging
plane. Therefore, a transformed chart patterns remaining out
of untransformed chart patterns 1s a trapezoid 62 such that
the height gradually decreases from a side a to a side b, and
that the height at b 1s h-z_/z,. The present example indicates
a case where the optical axis exists at a point p, which 1s the
midpoint of the side b. The shape of the trapezoid also varies
with the position of the optical axis. Determining a homog-
raphy matrix for transforming the trapezoid 62 into an
original rectangle 64 makes 1t possible to properly transiorm
the whole 1mage.

The coordinates (x,, vy, ) (n=0, 1, 2, 3) of four vertexes of
the untransformed trapezoid 62 may be expressed as fol-
lows:

(X0, ¥0)=(0,0)
(X Ly)=(w0.5%*(1-2,/23))
(%2, ¥2)=(0,%)

(%3,y3)=(W, 0.5 (1+2,/2p))

Meanwhile, the coordinates (X', v' ) (n=0, 1, 2, 3) of four
vertexes of the transformed rectangle 64 may be expressed
as follows:

(x0,y0)=(0,0)
(x'1,y1)=(w,0)
(x2,y2)=(0,h)

(x3.y3)=(wh)

The homography matrix H 1s defined as follows when a
scaling factor 1s s.

(A1l R Ap3)
hal hoy ho3
31 hp 1

Math. 3]

{ x

s| ¥ [=H| ¥

kl,i

In a case where the vertex coordinates of the untrans-
formed rectangle and transformed rectangle are defined as
depicted 1n FIG. 9, the following equation 1s given.

(x; y1 1 0 0 0 —x1x7 —yix] ﬁr’h“ . (x1) [Math. 4]
000 0 x y 1 —xiyp =y | g, i
x2 y2 1 0 0 0 —xoxp —y2x3 || 45 Xn
0 0 0 x y2 1 —x295 =235 || 5y Y2
x3 yva 1 0 0 0 —x3xi7 —ysxz || 522 - X5
0 0 0 x5 y3 1 —x3y; —y3y3 h33 Vi
x4 ya 1 0 0 0 —xyx) —yaxy h31 X,
00 0 x4 oya 1 o—xyy —yay N2 Ly

10

15

20

25

30

35

40

45

50

55

60

65

14

When a matrix on the lett of the left side 1s E and a matrix
of the night side 1s F, E 1s a square matrix. Therefore, the

homography matrix H 1s determined as indicated below:

H=FE'F

FIG. 10 1s a diagram illustrating the index given to a
feature point within a chart pattern. As mentioned earlier, at
the time of calibration, the position of an 1image of a feature
point within a captured 1image 1s associated with 1ts position
in the 3D model. Therefore, while the vicinity of the marker
52 within the chart pattern 50 1s regarded as a reference
point, an index 1dentifying each feature point 1s given, and
the 3D model position coordinates are made determinable by
using the index as a key.

In the example of FIG. 10, the upper left vertex of the
second square above the marker 32 1s the ornigin of a
coordinate system of the index (1, 7). Meanwhile, 1n a system
of position coordinates (X, y) based on the unit of a pixel on
the 1mage plane, the upper left corner of an 1mage is the
origin. In the present example, the origin (X, y)=(0, 0) of the
coordinate system of the 1image corresponds to (1, 1)=(-7, —4)
in the index coordinate system. Conversely, the origin (1,
1)=(0, 0) of the index coordinate system 1s positioned at (X,
v )=(7*gndSize, 4*gridSize) of the 1mage coordinate system.

Here, gridSize represents the number of horizontal and
vertical pixels forming one square. For example, n=64. In
this instance, the origin of the index coordinate system 1s
positioned at (x, y)=(448, 256) of the image coordinate
system. In FIG. 10, this position 1s (C,, C,). A generalized
relation between the index (1, ) of a feature point and the
position coordinates (X, y) ol an 1image plane 1s as follows:

x=i*gridSize+

y=j*gridSize+C,,

The projective transformation parameter generation sec-
tion 28 generates a transformation parameter for acquiring,
the 3D model position coordinates 1n the chart 200 from the
index of a feature point. The relation between the index (i,
1) of a feature point and the position coordinates (X, y) of an
image 1s as indicated by the above equation. Further, the
position coordinates (X, y) in the untransformed chart pattern
50 can be transformed mto the position coordinates (x', v')
in the transformed chart pattern 56 by using the above-
mentioned homography matrix H.

Moreover, position coordinates (x", y", z'") based on the
unit of length 1n the 3D model of the chart are determined
as indicated below from the relation between pixel size and
actual length:

x"=x"scale
y'=v™scale

z"=0

where scale represents the width of one pixel region. When
length 1s expressed 1n millimeters, the value of scale 1s, for
example, 0.25.

Consequently, the projective transformation parameter
generation section 28 1s able to obtain the homography
matrix for transforming the index into the 3D model position
coordinates by acquiring, for example, the index (1, 1, )(n=0,
1, 2, 3) of each of four vertexes of the chart pattern 50 and
x and vy components (x", y") of the associated 3D model
position coordinates in the chart 200 and making an equation
for the homography matrix H in the same manner as
described earlier. The homography matrix 1s acquired for
cach plane surface forming the chart 200, associated with
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plane surface i1dentification information, and stored in the
projective transformation parameter storage section 30.

Operations of the calibration apparatus 10 will now be
described. FIG. 11 1s a flowchart illustrating processing steps
that are followed when the calibration apparatus 10 accord-
ing to the present embodiment performs calibration based on
a captured image of the chart 200. First of all, the image
acquisition section 34 acquires data regarding a captured
image from the imaging apparatus 12 (step S20). When the
imaging apparatus 12 includes a multi-eye camera such as a
stereo camera, the 1image acquisition section 34 acquires data
regarding an 1image captured by each imaging element 1n the
multi-eye camera.

Alternatively, the image acquisition section 34 may
acquire data regarding a plurality of 1images captured under
the same 1maging conditions. In this instance, the image
acquisition section 34 may perform a noise reduction pro-
cess by adding individual frame images together. For
example, the 1image acquisition section 34 may acquire an
average value by adding images of 16 frames for each
associated pixel, and generate an 1mage by using the
acquired average value as a pixel value.

Next, the feature point information acquisition section 36
extracts an 1image of a feature point from the captured image
(step S22). Various methods for detecting the vertexes of
squares 1n a checkered pattern as feature points are put to
practical use. Any of them may be used 1n this instance.
When, for example, a method based on a Harris feature
amount 1s used, feature points having a feature amount not
smaller than a predetermined value are extracted as the
vertexes (corners) of squares (refer to C. Harris and M.
Stephens, “A combined corner and edge detector,” Proceed-
ings of the 4th Alvey Vision Conference, 1988, pp. 147 to
151).

In some cases, however, position coordinates determined
by the above method are not suiliciently accurate. It 1s
therefore preferable that two edge brightness gradients be
used to acquire position coordinates (u, v) 1n a captured
image with sub-pixel accuracy. For this processing, a typical
open source 1mage processing soitware library, such as the
cv::FindComerSubPix( ) function of an open source com-
puter vision library (OpenCV), may be used.

Further, the feature point information acquisition section
36 determines the index of each feature point 1n accordance
with the positional relation to the image of a marker, and
transiforms the determined index to the position coordinates
in the chart 200 by using the homography matrix acquired
from the chart pattern generation apparatus 20. Accordingly,
the feature point information acquisition section 36 gener-
ates feature point information indicative of the association
between the position coordinates 1 a captured 1mage of a
teature point and the 3D model position coordinates 1n the
chart 200 (step S24).

In the above instance, plane surfaces forming the chart
200 are 1dentified 1n accordance with the graphical figure of
the marker, and the homography matrix associated with each
plane surface 1s read from the projective transformation
parameter storage section 30 and used. In a case where a
multi-eye camera 1s used, the processing in step S14 1s
repeated for images captured by all the mndividual imaging
clements included 1n the multi-eye camera (“IN” at step S26).
When the feature point information 1s generated for all the
images captured by the mndividual imaging elements (“Y™ at
step S26), the calibration section 38 performs calibration by
using the generated feature point information and acquires
the camera parameter (step S28).
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For the above calibration processing, an existing technol-
ogy described, for example, in NPL 1 may be used. There-
fore, the subsequent description will be focused on the
processing 1n step S14. This processing 1s performed with
respect to a captured 1mage 1n order to conduct a search on
an increasingly large area around a marker 1image, associate
the mdexes with the position coordinates of 1mages of all
feature points, and thus associate the position coordinates of
images of all feature points with the 3D model position
coordinates 1n the chart 200.

FIG. 12 1s a tlowchart illustrating processing steps that are
followed when the feature point information acquisition
section 36 generates the feature point information in step
S14 of FIG. 11. First of all, the feature point information
acquisition section 36 detects an 1image of a marker 1n a
captured 1mage (step S30). This detection process may be
performed 1n the manner as for an AR (augmented reality)
technology that detects a marker written, for example, on a
board 1n the real world and draws in a captured 1mage a
virtual object corresponding to the detected marker. For
example, the ArUco Marker technology may be used (refer
to S. Garrnido-Jurado et al. “Automatic generation and detec-
tion of highly reliable fiducial markers under occlusion™
Pattern Recognition, Vol. 47, No. 6. 2014, June, pp. 2280 to
2292).

Next, the feature point information acquisition section 36
acquires a parameter indicative of distortion within an 1mage
of one detected marker (step S32). More specifically, the
feature point information acquisition section 36 acquires a
homography matrix that transforms four vertexes of a rect-
angle having horizontal and vertical sides, which should
originally appear as a marker image, into four vertexes of an
actual marker 1mage.

Next, the vertexes of squares around the marker regarded
as a reference point are detected (step S34). In this instance,
when the four vertexes of a square, which should originally
appear as an 1image of the square, are transformed by using
the homography matrix acquired in step S32, the approxi-
mate positions of the four vertexes can be determined in
consideration of distortion in the vicinity of the four ver-
texes. A search 1s then conducted to detect feature points
cllectively detected around the transformed position coor-
dinates (e.g., within a range of approximately 0.5 pixels).
The indexes of the detected feature points are obvious from
the positional relation to the marker. Consequently, as a
result of this processing, the indexes are associated with the
position coordinates (u, v) of feature points 1 a captured
image.

Next, the 3D model position coordinates (x", y", z"
(z"=0) are determined from the above-mentioned indexes to
associate the position coordinates (u, v) of the feature points
with the 3D model position coordinates (x", y", z") (step
S536). The homography matrix of a plane surface associated
with the marker, which 1s stored 1n the projective transior-
mation parameter storage section 40, 1s used to transform the
position coordinates. Next, a parameter indicative of distor-
tion of a square detected in step S34 1s acquired (step S38).
More specifically, as 1s the case with step S32, the homog-
raphy matrix for transforming the four vertexes of the
square, which should oniginally appear as an 1image of the
square, mto the four vertexes of an actual image of the
square.

Next, the vertexes of squares around the above-mentioned
square regarded as a reference point are detected (step S40).
In this 1nstance as well, when the four vertexes of a square,
which should originally appear as an 1image of the square,
are transformed by using the homography matrix acquired 1n
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step S38, the approximate positions of the vertexes of the
squares can be determined in consideration of distortion 1n
the vicinity of the four vertexes. A search 1s then conducted
to detect feature points eflectively detected around the
transformed position coordinates. Accordingly, the indexes
are associated with the position coordinates (u, v) of the
feature points.

Next, as 1s the case with step S36, the indexes (1, j) are
transformed into the 3D model position coordinates (x", y",
z'") by using the homography matrix, and stored in associa-
tion with the position coordinates (u, v) of the feature points
in the captured 1mage (step S42). Steps S38 to S42 are then
repeated for all squares depicted on the same plane surface
(“IN” at step S44). When the association information regard-
ing the vertexes of all the squares, namely, the feature points,
1s generated (“Y’ at step S44), steps S32 to S44 are repeated
for plane surfaces associated with the other markers detected
in step S30 (“N” at step S46). When the feature point
information 1s generated for all the detected markers and
thus all the plane surfaces and then stored in the above
manner, the processing terminates (Y at step S46).

FIG. 13 illustrates a marker and squares in a captured
image of the chart 200. Depicted 1 (a) of FIG. 13 15 an
example of the whole captured 1image of only one surface of
the chart 200. Depicted in (b) of FIG. 13 1s an enlarged view
ol a region 1n the vicimity of a marker on the surface of the
chart 200. When step S22 of FIG. 11 1s performed, feature
points viewable 1n a captured image depicted 1n (a) of FIG.
13, namely, the vertexes of a square forming a checker in the
present example, are detected. In (b) of FIG. 13, the posi-
tions of feature points are indicated by white circles.

However, highlighting 1s used for ease of understanding.
In fact, detailed position coordinates are determined 1n
sub-pixel units. The same also applies to the subsequent
description. Further, when step S30 in FIG. 12 1s performed,
an 1mage ol the marker 52 is detected. The position coor-
dinates (u,, v,), (u,, v;), (u,, v,), (us, v5) of the four vertexes
of the marker 52 are then determined as indicated by the
crosses 1 FIG. 13.

FIG. 14 1s a diagram 1illustrating a reference coordinate
system for detecting, in step S34 of FIG. 12, the vertexes of
a square 1n consideration of 1mage distortion 1n the vicinity.
As mentioned thus far, a chart pattern depicted on the chart
200 1s projectively transformed 1n consideration of plane
surface inclination with respect to a captured 1mage. As a
result, an 1mage of the chart pattern within the captured
image 1s similar under normal conditions to the depicted
image ol the chart pattern 50 that 1s not projectively trans-
formed. How the image of the chart pattern within the
captured 1mage 1s distorted within an actual captured image
1s determined by using a homography matrix based on the
state of the chart pattern 50.

Accordingly, 1n the chart pattern 50, the upper left vertex
indicated by a black circle, which 1s among the vertexes of
the marker 52, 1s regarded as the origin to define a coordinate
system based on the unit of length of one side of the marker
as the “marker normalized coordinate system.” As enlarged
in the right portion of FIG. 14, the position coordinates of
the four vertexes of the marker in the marker normalized
coordinate system are (0.0, 0.0), (1.0, 0.0), (0.0, 1.0), and
(1.0, 1.0). Determined 1s a homography matrix for trans-
forming the position coordinates of vertexes 1n the above-
mentioned marker normalized coordinate system into the
position coordinates of vertexes ol a marker image actually
derived from a captured 1mage.

As a marker detection process has determined the asso-
ciation between the untransformed position coordinates of
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four vertexes and the transtormed position coordinates of the
four vertexes, a homography matrix can be determined 1n the
same manner as described above. It 1s conceivable that an
area around the marker 52 1s similarly distorted. Therelore,
when the vertexes of surrounding squares are searched for,
the above-mentioned homography matrix 1s used to trans-
form the position coordinates of the vertexes of the squares.
More specifically, the position coordinates close to those of
actual vertexes 1n a captured image can be acquired by
transforming the position coordinates of the vertexes of
squares 1n the marker normalized coordinate system 1n
accordance with distortion.

In the example of FIG. 14, the position coordinates of four
vertexes of the second square above the marker 52 1n the
marker normalized coordinate system are (0.25, -1.25),
(0.75,-1.25), (0.25, =0.75), and (0.75, -0.75). However, the
squares 1n a checkered pattern 1s Y4 the size of the marker,
and have the same central axis as the marker. The upper lett
vertex of the second square above the marker 52 1s the origin
of the mdex of a feature point. The indexes of the other
vertexes are determined from the relation to such an origin.
Position coordinates obtained by transforming the position
coordinates of these vertexes by the homography matrix
determined from the marker indicate the approximate posi-
tion where an 1image of a feature point should be placed n
a captured image.

Consequently, determining a feature point positioned
closest to transtormed position coordinates 1n a captured
image makes 1t possible to associate an index with the
position coordinates of a feature point 1n an actual 1image.
Then, as mentioned above, when the 3D model position
coordinates are determined by using the index as a key,
information regarding the association of the position coor-
dinates of the feature point can be acquired. When the
feature point mnformation regarding the vertexes of squares
positioned above, below, and to the left and rnight of the
marker 52 1s acquired, the range of feature points whose
feature point information has been acquired 1s expanded by
repeating the same processing with such squares regarded as
a reference point.

FIG. 15 1s a diagram 1illustrating a process that 1s per-
formed 1n step S40 of FIG. 12 1n order to determine the
position coordinates of vertexes of squares around a square
defined as a reference point in a checkered pattern. In a case
where a square 70 1s regarded as a referent point while its
upper left corner 1s the origin of the index described with
reference, for example, to FIG. 14, a coordinate system that
has 1ts origin at the upper left vertex indicated by a black
circle among the vertexes of the square 70 and 1s based on
the unit of length of one side of the square 1s defined as the
“reference point square normalized coordinate system.”

In the reference point square normalized coordinate sys-
tem, the position coordinates of four vertexes of the square
70 regarded as the referent point are (0.0, 0.0), (1.0, 0.0),
(0.0, 1.0), and (1.0, 1.0). Four vertexes of squares positioned
above, below, and to the left and night of the square 70
regarded as the reference point are then checked to detect a
vertex whose feature point information is not generated. For
example, 1n the case of a square 72 positioned above the
square 70 regarded as the reference point, feature point
information regarding vertexes of the square 72 that are
identical with those of the square 70 among four vertexes of
the square 72 1s already acquired. Therefore, the process 1s
performed on the remaining two vertexes.

More specifically, a homography matrix indicative of
distortion of the square 70 regarded as the reference point 1s
obtained, and the approximate positions of the two target
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vertexes 1n a captured 1mage are determined by transforming,
the position coordinates (0.0, —1.0), (1.0, —1.0) of the two
target vertexes through the use of the obtained homography
matrix. A feature point positioned closest to the position
coordinates 1s then detected to generate the association
information as mentioned earlier. When a normalized coor-
dinate system 1s subsequently defined with the square 72
regarded as a reference point, feature point information
regarding the vertexes of squares around the square 72 can
be further generated. When the reference point 1s sequen-
tially changed from one square to another in the above-
described manner, it 1s possible to efliciently acquire feature
point information regarding almost all feature points view-
able 1 a captured 1mage.

FIG. 16 illustrates an exemplary data structure of feature
point information stored in the feature point mmformation
storage section 42. The feature point information 80 includes
a camera 1dentification (ID) field 82, a plane surface ID field
84, an index ficld 86, a two-dimensional (2D) position
coordinate field, and a 3D position coordinate field 90. The
camera ID field 82 presents information for camera identi-
fication 1n a case where a multi-eye camera 1s used as the
imaging apparatus 12, and 1s acquired from the imaging
apparatus 12 as additional data regarding a captured image.

The example of FIG. 16 assumes that a stereo camera 1s
used as the imaging apparatus and assigned two identifica-
tion numbers, namely, “0” and “1.” The plane surface 1D
ficld 84 presents information for identifying plane surfaces
forming the chart 200, and determines on the basis of an
image of a marker in a captured image. In the example of
FIG. 16, 1dentification numbers, such as “0,” “1,” and so on,
are given. Each identification number 1s associated before-
hand with the graphical figure of a marker. When the chart
200 includes two plane surfaces, their identification numbers
are “0” and “1.”

The 1index field 86 indicates the index of a feature point
that 1s uniquely given within a plane surface 1dentified by the
marker. In a case where the origin of the index 1s set in the
vicinity of the marker 52 as depicted 1n FIG. 10, the index
may take a negative value. The example of FIG. 16 assumes
that integers from —m to n are given in both the horizontal
and vertical directions. The 2D position coordinate field 88
indicates the position coordinates ol each feature point
image within a captured image. The example of FIG. 16
assumes that N+1 feature points exist in both the horizontal
and vertical directions, and that the values of coordinates are
indicated by subscripts.

The 3D position coordinate field 90 1indicates the position
coordinates of a feature point 1n the 3D model of the chart
200. Information presented 1n this field 1s three-dimensional.
However, z" may be zero because the information 1n this
field indicates a position on a plane surface included 1n the
chart 200. Coordinate values are indicated by the same
subscripts to those of the 2D position coordinate field 88.
The format of a value 1 each field 1s not limited to those
depicted 1n FIG. 16.

The calibration section 38 uses the feature point informa-
tion 80 to acquire the camera parameter by a predetermined
method. When, for example, the method by Zhang 1s used,
feature point imformation regarding a plurality of plane
surfaces 1n an 1mage captured by a single imaging operation
may be used instead of feature point information related to
plane chart images captured from multiple viewpoints. As
the rotation matrix and the translation vector are simultane-
ously acquired, an external parameter indicative, for
example, ol the relation between imaging elements of a
multi-eye camera, can be acquired based on the acquired
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rotation matrix and translation vector. The cv::Cali-
brateCamera( ) function of OpenCV may be used as the
method of determining the rotation matrix and the transla-
tion vector.

Results of experiments will now be described. FIG. 17
illustrates chart patterns generated by the chart pattern
generation apparatus 20. FIG. 17 assumes that a set of two
plane surfaces 1s used as the chart 200, and that a left chart
pattern 92a and a right chart pattern 925 are generated for
the two respective plane surfaces. In a case where the plane
surfaces are erected 1n line symmetry with respect to a
vertical line passing through the optical axis of the imaging
apparatus 12 as depicted in FIG. 2, the right side of the left
chart pattern 92a and the left side of the right chart pattern
92H are at the farthest distance from the imaging plane.
Therefore, the squares of the chart patterns are depicted 1n
reverse perspective in accordance with a change of the
distance from the 1maging plane.

FIG. 18 depicts a captured image of the chart 200 that 1s
captured by a wide-angle camera. In the vicinity of the
center of the captured image, 1mages of squares forming a
checkered pattern are substantially arrayed orthogonally and
uniformly. However, the shapes of the squares are distorted
increasingly with a decrease 1 distance to an edge of the
captured 1mage. The reason 1s that, as mentioned earlier, the
employed projection method differs from that of a regular
camera. When the captured image 1s as described above, the
index of a feature point 1s not easily determined by con-
ducting a simple horizontal/vertical search.

FIG. 19 illustrates the result of detection of a feature point
and a marker from a captured image depicted 1n FIG. 18. In
this case, as mentioned earlier, the association with an index
can be determined accurately and efliciently by searching for
a Teature point by using a marker 1image as a reference point
in consideration of distortion of a captured 1mage. Eventu-
ally, the position coordinates 1n a captured 1image of a feature
point can easily be associated with the 3D model position
coordinates.

FIG. 20 depicts an 1image that 1s corrected based on a
camera parameter derived from calibration performed by
using feature point association information. The depicted
image 1s centered around an optical axis. Further, circles 1n
FIG. 20 indicate ranges corresponding to a plurality of
viewing angles. In order from closest to the center to farthest
from the center, the ranges are designated 94a, 945, and 94c.
The viewing angles of these ranges are 50 degrees, 100
degrees, and 120 degrees, respectively. It 1s obvious that the
acquired 1image of the chart 200 1s not distorted even at an
angle as wide as 120 degrees.

The present embodiment, which has been described
above, calibrates an 1maging apparatus by using a chart
having a plurality of plane surfaces forming a predetermined
angle. Therefore, a single capture of an 1mage makes it
possible to acquire information that 1s equivalent to infor-
mation obtained by capturing an image of one plane surtface
with the point of view varied. Further, the pattern to be
depicted on the chart 1s configured such that an orthogonal
and uniform array of feature points 1s obtained when the
pattern 1s 1maged 1n a state where the chart 1s inclined with
respect to the imaging plane. Moreover, the chart 1s disposed
in front of the imaging plane and open at such an angle that
the chart 1s 1n contact with a circumierence having a radius
equal to the focal length of the imaging apparatus and
centered with respect to the optical center of the imaging
apparatus.

Consequently, it 1s possible to obtain a captured 1mage
while the distortion of each plane surface of the chart 1s
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mimmized, and search for feature points easily and with
high accuracy. Particularly, feature points viewable in the
captured 1mage can be arrayed 1in the same manner as 1n the
case of a common chart pattern by generating an appropriate
chart pattern in accordance with the angle between the
imaging plane and the plane surfaces forming the chart.
Theretore, the present embodiment can easily be applied to
various calibration methods.

For example, the use of the method by Zhang requires
significant man-hours because 1maging operations need to
be performed while varying the position and posture. Mean-
while, the present embodiment makes 1t possible to use
computations according to the method by Zhang without
varying the position and posture. Therelore, the present
embodiment reduces the required man-hours without
degrading the accuracy. As a result, this reduces the cost of
mass production of the imaging apparatus.

The present invention has been described in terms of an
embodiment. It will be understood by those skilled in the art
that the foregoing embodiment 1s illustrative, and that the

combination of the elements and processes of the foregoing
embodiment may be variously modified, and further that
such modifications are also within the scope of the present
invention.

REFERENCE SIGNS LIST

10 Calibration apparatus, 12 Imaging apparatus, 14 Jig,
20 Chart pattern generation apparatus, 22 Inverse transior-
mation parameter generation section, 24 Pattern transforma-
tion section, 26 Pattern image storage section, 28 Projective
transformation parameter generation section, 30 Projective
transformation parameter storage section, 34 Image acqui-
sition section, 36 Feature point information acquisition
section, 38 Calibration section, 40 Projective transformation
parameter storage section, 42 Feature point information

storage section, 44 Camera parameter storage section, 122
CPU, 124 GPU, 126 Main memory, 200 Chart.

INDUSTRIAL APPLICABILITY

As described above, the present mvention is applicable,
for example, to a calibration apparatus of an 1maging appa-
ratus, a jig for calibration, a chart pattern generation appa-
ratus, and a system including the chart pattern generation
apparatus.

The 1nvention claimed 1s:

1. A calibration apparatus comprising:

an 1mage acquisition section acquiring data regarding a
captured 1mage of a chart having a plurality of plane
surfaces forming a predetermined angle;

a feature point imnformation acquisition section detecting,
from the captured 1image, an 1mage of a feature point of
a chart pattern depicted on a surface of the chart, and
generating feature point information indicative of asso-
ciation between position coordinates of the image of
the feature point and position coordinates of the feature
point on the surface of the chart; and

a calibration section performing computation for calibra-
tion on a basis of the feature point information, and
acquiring a predetermined camera parameter to be
output,

wherein the feature point information acquisition section
identifies, within the captured image, an image of each
of the plane surfaces on a basis of an 1image of a marker
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included 1n the chart pattern, and performing a process
of generating the feature point information for each of
the plane surfaces, and

wherein the chart pattern 1s obtained by transforming a

predetermined pattern in accordance with a change 1n
distance between an imaging plane and each of the
plane surfaces 1n such a manner as to acquire the
predetermined pattern within a captured 1mage.

2. The calibration apparatus according to claim 1,

the feature point mformation acquisition section deter-

mines an 1mage distortion in the captured image in
accordance with a change from the predetermined
pattern, searches for a spot corresponding to the image
distortion, and associates an 1mage of a feature point 1n
the captured image with an index indicative of the
position of the feature point in the predetermined
pattern.

3. The calibration apparatus according to claim 2,

wherein the feature point information acquisition section

further includes a projective transformation parameter
storage section storing a homography matrnix, the
homography matrix being adapted to transform posi-
tion coordinates of an index coordinate system defining
the index 1nto position coordinates of the feature point
on the surface of the chart, and

the feature point information 1s generated by acquiring the

position coordinates of the feature point on the surface
of the chart through the use of the homography matrix
in accordance with the index associated with the image
of the feature point in the captured image.

4. The calibration apparatus according to claim 2, wherein
the feature point information acquisition section determines
the distortion by acquiring a homography matrix for trans-
forming a rectangle having vertexes regarded as four neigh-
boring feature points of the predetermined pattern into a
rectangle having vertexes regarded as images of the feature
points in the captured image, and determines a search range
for an 1mage of the next feature point 1n the captured 1image
by applying the homography matrix to another rectangle in
the predetermined pattern.

5. The calibration apparatus according to claim 1, wherein
the marker varies from one of the plane surfaces to another.

6. The calibration apparatus according to claim 1, wherein
the plurality of plane surfaces are structured such that the
distance from an 1imaging plane 1s maximized at an assumed
optical axis of an 1maging apparatus.

7. The calibration apparatus according to claim 1, wherein
the plurality of plane surfaces include a line-symmetric
structure that 1s formed by connecting two rectangular plane
surfaces having the same area.

8. The calibration apparatus according to claim 1, wherein
the plurality of plane surfaces have a structure that 1s formed
by connecting the two rectangular plane surfaces to another
rectangular plane surface.

9. The calibration apparatus of claim 1, further compris-
ng:

an 1nverse transformation parameter generation section

acquiring setting information regarding positions and
postures of the plurality of plane surfaces forming the
chart and the imaging plane of the 1imaging apparatus,
and generating a transformation parameter for achiev-
ing transiformation based on a change in distance
between the imaging plane and each of the plane
surfaces 1 such a manner as to obtain the predeter-
mined pattern within a captured 1mage; and
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a pattern transformation section transforming the prede-
termined pattern by using the transformation parameter
and generating data regarding the chart pattern to be
output.

24

distance between an imaging plane and each of the
plane surfaces 1n such a manner as to acquire the
predetermined pattern within a captured image.

12. A non-transitory, computer-readable storage medium

10. The calibration apparatus according to claim 9, further 5 containing a computer program, which when executed by a

comprising: a projective transformation parameter genera-
tion section generating and outputting a homography matrix,
the homography matrix being adapted to transform an index
indicative of a position of a feature point in the predeter-
mined pattern into position coordinates of a feature point on 10
a surface of the chart, the chart pattern being depicted on the
surface of the chart.
11. A calibration method comprising:
acquiring, from an 1maging apparatus, data regarding a
captured 1mage of a chart having a plurality of plane 15
surfaces forming a predetermined angle;
detecting, from the captured image, an image of a feature
pomnt of a chart pattern depicted on a surface of the
chart and generating feature point information indica-
tive of association between position coordinates of the 20
image ol the feature point and position coordinates of
the feature point on the surface of the chart; and
performing computation for calibration on a basis of the
feature point mmformation and acquiring a predeter-
mined camera parameter to be output, 25
wherein the step ol generating the feature point informa-
tion 1dentifies, within the captured image, an 1mage of
cach of the plane surfaces on a basis of an 1mage of a
marker included in the chart pattern and performing a
process ol generating the feature point information for 30
cach of the plane surfaces, and
wherein the chart pattern 1s obtained by transforming a
predetermined pattern 1n accordance with a change in

computer, causes the computer to carry out actions, com-
prising:

acquiring data regarding a captured image of a chart

having a plurality of plane surfaces forming a prede-
termined angle;

detecting, from the captured image, an 1image of a feature

point of a chart pattern depicted on a surface of the
chart and generating feature point information indica-
tive of association between position coordinates of the
image of the feature point and position coordinates of
the feature point on the surface of the chart; and

performing computation for calibration on a basis of the

feature point information and acquiring a predeter-
mined camera parameter to be output,

wherein the generating the feature point information

identifies, within the captured image, an 1image of each
of the plane surfaces on a basis of an 1image of a marker

included 1n the chart pattern and performing a process
of generating the feature point information for each of
the plane surfaces, and

wherein the chart pattern 1s obtained by transforming a

predetermined pattern in accordance with a change 1n
distance between an imaging plane and each of the
plane surfaces 1n such a manner as to acquire the
predetermined pattern within a captured 1mage.
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